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HfO2 thin films were prepared by reactive DC magnetron sputtering technique on (100) p-Si substrate. The
effects of O2/Ar ratio, substrate temperature, sputtering power on the structural properties of HfO2 grown
films were studied by Spectroscopic Ellipsometer (SE), X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectrum, and X-ray photoelectron spectroscopy (XPS) depth profiling techniques. The results show
that the formation of a SiOx suboxide layer at the HfO2/Si interface is unavoidable. The HfO2 thickness and
suboxide formation are highly affected by the growth parameters such as sputtering power, O2/Ar gas ratio
during sputtering, and substrate temperature. XRD spectra show that the deposited films have (111)
monoclinic phase of HfO2, which is also supported by FTIR spectra. XPS depth profiling spectra shows that
highly reactive sputtered Hf atoms consume some of the oxygen atoms from the underlying SiO2 to formHfO2,
leaving Si–Si bonds behind.
.
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1. Introduction

In order to overcome the scaling limit of conventional Si-based
insulators, high permittivity (high-κ) materials are being developed
as alternative dielectrics. Having high-κ value around 25 and being
thermodynamically stable when grown on Si, HfO2 is considered to be
the most promising candidate to replace SiO2 [1]. Important film
properties including dielectric constant and refractive index of grown
thin oxide film depend on the growth parameters [2] as well as the
initial thin film constitution [3]. Moreover, the interfacial properties of
grown film play crucial role in the electrical properties of the devices
[4]. Therefore, it should be noted that the applied physical conditions
must be well controlled through the film growth processing steps in
order to improve the grown film's dielectric properties.

A number of various film growth techniques have been used to
fabricate high-κ materials such as thermal oxidation [5], a variety of
chemical vapor deposition techniques [6], ion beam deposition [7],
atomic layer deposition [8], pulsed laser deposition [9], laser oxidation
[10], remote plasma oxidation [11], DC and RF sputtering [5,12]. Since
each method has some advantages and disadvantages, it is not yet
clear which method would be the best choice for device applications.

This paper presents reactively grown HfO2 thin film by DC
sputtering technique on p-Si (100) substrate with native oxide. The
optical and structural characteristics of grown thin hafnium-oxide
films were studied with a few characterization techniques in a more
detailed manner to understand the effect on the grown film's
properties of physical growth conditions.

2. Experimental procedure

HfO2 thin film was grown on Si substrate by reactive DC
magnetron sputtering technique. p-type Si (100) substrate with
resistivity of 7–17 Ω cm was cleaned chemically in boiling trichloro-
ethylene, acetone with ultrasonic bath, and rinsed with ultrapure
water. After drying the wafer with pure N2 gas, it was mounted onto
the substrate holder having a 7.4 cm distance to the target of magneto
sputtering deposition chamber vacuumed with a Turbo Molecular
Pump (TMP). A 2" diameter with 0.25" thick of 99.9% pure hafnium
target was used. It was pre-sputtered for 3 min with Ar gas to remove
the possible surface contamination of target. 30 sccm Ar gas flow was
used for all processes. In order to get the required gas ratio, i.e. O2/Ar,
oxygen gas flow was changed correspondingly. Base pressure of
sputtering chamber was below 2×10−6 Torr while working pressure
during the sputtering was 0.44×10−3 Torr. Prior to, as well as during
deposition, the substrate was heated by a halogen lamp and the
substrate's temperature was adjusted by a temperature controller.
Sputtering time duration was 5 min for the growth processes. Thin
film deposition rate can be controlled by both the DC source and
gas flow level of reactive O2 and Ar gas mixture (Fig. 1).

Spectroscopic Ellipsometer (SE) measurement of thin HfO2 film on
p-Si (100) was made in the wavelength range of 300–850 nmwith an
in-situ Sentech SE-801. In-situ SE measurement at 70° incident light
beam on the sample surface was realized to obtain the characteristic
parameters obtained by SE, i.e. DELTA and PSI. SpectraRay program
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Fig. 1. Inside view of the sputtering chamber with sample holder used for DC sputtering
method.
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was used for modeling and fitting processes of the SE data from the
wavelength range from 350 to 850 nm. The outcomes of this process
were refractive index (n), thickness (d), absorption (κ) and
transmission of measured film.

Chemical composition and the structure of oxide films were
examined by a FTIR spectrometer (BRUKER Equinox 55). X-ray
diffraction (XRD) pattern was measured by a Rigaku Miniflex system
equipped with CuKα radiation of average wavelength 1.541 Å. The
XRD pattern was analyzed in terms of observed peak positions
at specific 2θ values and relative intensities of the peaks by means
of a computer software equipped with an ICDD database.

X-ray Photoelectron Spectroscopy (XPS) measurements were
realized with a SPECS EA200 (Electron Spectroscopy for Chemical
Analysis) system equipped with a hemispherical electron analyzer at
a take off angle of 90°. Excitation source wasmonochromatic AlKα line
with a power of 490 W. The pressure was 7.5×10−10 Torr. The film
surface was sputtered by Ar+ ions having the energy of 2000 eV with
totally 19 etching cycles (etched layer numbers) each lasted for 3 min.
XPS measurements were done with 96 eV pass energy and 0.1 eV step
size. Binding energies were corrected with respect to C 1s peak at
284.6 eV and Si 2p peak at 99.3 eV, respectively, for the surface and
depth layers. Background correction and peak fitting procedures were
performed using CASA XPS software.
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Fig. 2. FTIR spectra obtained from Hf oxide films grown at 100, 150, and 200 °C with
O2/Ar gas ratio of 0.4 for 5 min at 30 W of DC sputtering power.
3. Basic theory of spectroscopic ellipsometer

Ellipsometer is principally based on the change in polarization
state during reflection off of a light from a film surface at an oblique
angle of incidence, φ [13,14]. The incident light at the planar interface
is defined with an optical plane wave:

E = Einc = Ep;inc + Es;inc ð1Þ
The amplitude ratio of reflection coefficients in terms of optical
plane wave components are given as;

rp =
Ep;refl
Ep;inc

and rs =
Es;refl
Es;inc

ð2Þ

Complex reflection ratio, ρ, is obtained as an outcome of matching
the electric and magnetic fields at the interface between different
materials;

ρ =
rp
rs

=
jrpj
jrsj

ei δp−δsð Þ = tan ΨeiΔ ð3Þ

where ψ, Δ and ρ are the parameters of an ellipsometer measurement.
Furthermore, complex refractive index, N=n+ ik, and dielectric

constant, ε=ε1+ iε2, describe the optical properties of anymedium. n
and k are called the refractive index and extinction coefficient,
respectively. Relations between real and imaginary parts of complex
refractive index and dielectric constant are given by:

ε1 = n2−k2 and ε2 = 2nk ð4Þ

k =
λ
4π

α ð5Þ

I xð Þ = Ioe
−αx ð6Þ

where α is absorption coefficient of material, and I is intensity of light
in the dielectric material from which light is passing through. The 5
parameters, n, k, ε1, ε2 and α define the optical characteristics and
they are, in the mean time, related to the electronic properties of the
medium.

The relation between optical and electrical parameters of bulk
materials [14] is found as:

ε = ε1 + iε2 = sin2φ 1 + tan2φ
1−ρ
1 + ρ

� �2� �
ð7Þ

4. Results and discussion

4.1. FTIR spectra of DC sputtered HfO2 films

Fig. 2 shows FTIR spectra of Hf oxide films grown at 100, 150, and
200 °C for 5 min with O2/Ar gas ratio of 0.4 applying 30W of DC
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Fig. 3. XRD spectra obtained from Hf oxide films grown at 100, 150, and 200 °C with
O2/Ar gas ratio of 0.4 for 5 min at 30 W of DC sputtering power.
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sputteringpower. The spectrawere takenbetween 400 and 1200 cm−1,
since the low wavenumber region (b1100 cm−1) is more important
for detection of hafnium-oxide-related bonds.

It is clearly observed for all three substrate temperatures that not
only broad but also very intense absorption band standing between
950 and 1120 cm−1 can be decomposed into two intensive peaks
located at the vicinity of 1070 and 1020 cm−1 corresponding,
respectively, to Si–O stretching vibration mode and hafnium silicate
(HfSixOy) [15]. The total broad-band peak's intensity increases as well
as a slight shift to lower wavenumber regions as a result of substrate
temperature increments ranging from 100 to 200 °C is realized. Since
the peak intensity reflects the film thickness, it can be deduced that
the thickness of hafnium silicate layer increases when the substrate
temperature is increased. Having very close location but not at the
expected exact position of natural oxide of SiO2 (1075 cm−1),
however, implies that this interfacial oxide layer is in the form of
suboxide of Si, i.e. SiOx with xb2, instead of natural oxide form [6]. A
slight shift to lower wavenumber region corresponds to transforming
of natural SiO2 interfacial layer to suboxide form of Si as a result of
substrate temperature increments.

The main FTIR peaks reflecting Hf–O bonds are getting recognized
well when the substrate temperature increases. It is given in the
literature that the main peaks around 595, 551, 527, 507 cm−1 are
due to Hf–O chemical bonds, so does 720 cm−1 one [16,17]. It is
obvious from the figure that 720 cm−1 peak is only recognized in
200 °C grown film, while not even definite with lower substrate
temperature ones. Therefore, it can be commented on this reality that
Hf–O chemical bonds are not even traced when growth process takes
place below 200 °C substrate temperature. It is reported also that the
presence of sharp HfO2 phonon bonds in the low wavenumber region
(600–400 cm−1) is the result of crystalline structure of the grown
films [18]. Since these defined peaks between 400 and 600 cm−1 are
well captured in 200 °C substrate temperature grown film, we can
comment that not only Hf–O phonon bonds recognized when the
substrate temperature increases but also the crystallization occurs at
the same time.

Even though the most intensive features of HfO2 are reported
in the 100–500 cm−1 region, most of which extend outside of our
measurement range (lower than 400 cm−1) [17].

Since FTIR measurement was done in air, as a result, the C–O
vibrationmode is detected aswell at 670 cm−1 of its expectedposition
[19].

4.2. XRD structural properties

XRD spectra obtained from Hf oxide films grown at 100, 150, and
200 °C with O2/Ar gas ratio of 0.4 for 5 min at 30 W of DC sputtering
power is plotted in Fig. 3. X-ray diffraction (XRD) of HfO2 sputter
grown films on p-type (100) Si with natural SiO2 oxidewas performed
at room temperature in the measurement range for 2θ from 10 to 65°.

It is obvious that thefilmgrownat100 °C ismainly amorphouswhile
a very tiny poly-crystalline structure starts to be recognized for HfO2. Its
intensity increases very tiny for 150 °C, while it is recognizable enough
at 200 °C substrate temperature grown film. This peak observed around
28° of 2θ attributed to (111) monoclinic phase of HfO2 [17,20–23].
Nevertheless, having a low peak intensity and high FWHM value, it can
be inferred that the microcrystalline structure has just been started to
be formed. Pereira et al. studied the sputter grown HfO2 thin film's
structural analysis using XRD with respect to substrate temperature
during growth from the room temperature to 200 °C [20]. Even though
amorphous structure was detected at room temperature growth
process, they also recognized a peak around 28° for 2θ when the
substrate temperature was increased to 200 °C.

The other two intensive peaks around 33.3° and 62.1° in Fig. 3 are
the signals coming from the Si (100) substrate underlying thin
hafnium oxide film. Thismicrocrystalline structure of HfO2 film grown
at 200 °C can also be predicted from the sharpness of phonon spectrum
in the 400 to 600 cm−1 region of FTIR spectrum as seen in Fig. 2 [18].

4.3. XPS depth profiling spectrum for chemical analyses

XPS depth profiling spectra obtained from Hf oxide film grown at
200 °C with O2/Ar gas ratio of 0.4 for 5 min at 30 W of DC sputtering
power are shown in Fig. 4(a) for Hf 4f and (b) for Si 2p spectrum. It is
obvious from Fig. 4(a) that all levels containing hafnium-oxide can be
decomposed into twomain peaks. This situation for HfO2 is explained as
a spin-orbit splitting of 1.6 eV at 16.90 and 18.50 eV, respectively, for
Hf 4f7/2 and Hf 4f5/2 [6]. Nevertheless, these peaks, in the vicinity of Si,
shift to higher binding energies, i.e. 17–17.5 eV, forHf 4f7/2,which canbe
attributed to HfSixOy. It can be inferred that the peaks corresponding to
initial etching cycles belong to HfO2 mode, while the peaks start to be
shifting to higher binding energy side after the 5th etching cycle.
Therefore, it is clear and also supported by the FTIR spectra (Fig. 2) that
HfSixOy mode is effective for a thick layer until around 10th etching
cycle. Then, the peaks again start to be shown around the position
corresponding to HfO2 mode and last until the substrate is reached.

Kirsch et al. pointed out two extra features at 15.0 and 16.6 eV in
Hf 4f XPS spectra. They concluded that these small shoulders
correspond to Hf–Si bonding [24]. Similarly, Fang et al. declared that
the Hf 4f peak shifted to lower binding energy as well as an additional
feature appeared at 14.85 eV corresponding to Hf–Si bonds at the
interface [25]. It is clear from Fig. 4(a) that these shoulder like peaks in
Hf 4f spectra do not exist in this study. Therefore, it can be concluded
that there is no indication for the presence of HfSix.

XPS depth profile of Si 2p signals of reactively sputtered Hf-oxide
film on (100) p-Si substrate with native oxide is given in Fig. 4(b). It is
well known that the signals obtained around 99.3 eV is the result of
elemental (metallic) Si (Si0), while the higher binding energies till
around 104 eV correspond to the oxidation states of Si. From these,
however, the lower binding energy ones closer to the metallic Si are
suboxides, and the highest energy one corresponds to the Si4+ [2]. It is
seen that elemental Si0 is started to be seen at the very surface layers,
i.e. starting from the 4th etching cycle and continuing till the depth of
the oxide having its intensity getting lowered but at a detectable level.
However, after some level of depth like 10th etching cycle, it started to
be increased again gradually reaching to the same intensity levels of
oxide form of Si, i.e. SiOx and being dominant mode after the 12th
cycle. Therefore, it can be inferred from XPS depth profiling, as well as
confirmed with ellipsometric analysis, that there is a very broad
interfacial oxide region since the substrate is reached after the 17th
etching cycle of XPS spectra. This behavior of having a reasonable
amount of elemental Si very close to the top layers of grown hafnium
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oxide film gives the idea of causing elementally active sputtered Hf
radicals decompose the native SiO2 to form elemental silicon atom
and oxygen molecule and/or atom explicitly. As a result, the oxygen
gained from the native SiO2 oxide is used to form HfO2 while leaving
unbonded elemental Si atoms or Si-suboxide behind [3].

4.4. SE optical properties

4.4.1. Substrate temperature effect
SEmeasurementswith respect towavelength over the used spectral

range of 300–850 nm at 70° incidence angle of light on HfO2 film grown
on p-Si (100) were made under vacuum conditions. Sputtered grown
HfO2 film on Si substrate was modeled as Air/HfO2-film/SiO2/c-Si(100).
Thickness and refractive index of HfO2 film as well as thickness of SiO2

filmwere left as variable forfittingprocess. Then, the constructedmodel
wasfitted forHfO2 thinfilmusingCauchydispersion relation, sinceHfO2

is transparent in the spectral range of interest, i.e. λN350 nm. The
equations for Cauchy dispersion model are,

n λð Þ = n0 + C0
n1

λ2 + C1
n2

λ4 ð8Þ

k λð Þ = k0 + C0
k1
λ2 + C1

k2
λ4 ð9Þ

where C0=102 and C1=107 with λ is in units of nm with n0, n1, n2,
k0, k1, k2 are numbers to be fitted with respect to wavelength.
Fig. 5 shows the substrate temperature effect during growth on
refractive indices of sputter grown films. These films were grown
under the conditions of 30 W of DC sputter power, O2/Ar gas ratio
of 0.4 and 5 min sputtering time. Refractive index with respect
to SE wavelength ranging from 300 to 850 nm was measured for
the substrate temperatures of 100, 150 and 200 °C. It is seen from
Table 1(a) that there is a highly positive effect of substrate tem-
perature increments on refractive index increments of grown HfO2

film. It should be realized that this effect is even much more
emphasized for higher substrate temperatures. The refractive index
of grown hafnium-oxide layer is obtained as 1.54 for 100 °C, while it
increases 1.68 for 150 °C at the wavelength of 632.8 nm. Furthermore,
the measured refractive index as being 1.83 for the films grown at
200 °C is the one closest to that of bulk HfO2 value, i.e. 2.1, at 632.8 nm.
Therefore, the results infer us that the highest substrate tempera-
ture choice used in our experiments, i.e. 200 °C, results in the best
refractive index spectra obtained for DC sputtered grown films.

4.4.2. Oxygen to argon gas ratio effect
Fig. 6 shows the O2/Ar gas ratio effect on refractive index for the

wavelength range from 300 to 850 nm of sputter grown films. These
films were grown under the conditions of 30 W, 200 °C and 5 min,
respectively, for DC sputtering power, substrate temperature and
sputtering time. It is detected that the refractive index value at
632.8 nm wavelength increases when O2/Ar gas ratio decreases.
Refractive index values of grown Hf-oxide films at the wavelength of
632.8 nm are obtained as 1.79, 1.83, 1.85 for O2/Ar gas ratio values,
respectively, of 0.5, 0.4, 0.2. Therefore, the results show us that the
refractive index values increase depending inversely on oxygen gas
amount inside the vacuum system, and the lowest used oxygen to
argon gas ratio of 0.2 gives the best refractive index values obtained
for DC sputter grown hafnium-oxide films.

The more probable reason of why the refractive index of grown
Hf-oxide film gets increased when the O2/Ar ratio gets lowered could
be best described with a following explanation: Since the increased
amount of oxygen gas in the vacuum chamber results in an incre-
ment of the scattering centers of sputtered Hf atoms, therefore,
some part of Hf atoms are prevented from reaching to the sub-
strate. Additionally, when the oxygen quantity in the O2/Ar ratio is
increased, then oxygen diffusion into the interfacial region increases
resulting in an undesired interfacial layer formation between the
high-κ thin film and Si substrate. Similar results can also be detected
from the literature that, not only the oxygen diffusion rate increases
but the growth rate of HfO2 film is decreased at high levels of oxygen
concentrations [20]. Therefore, the increased amount of oxygen



Table 1
SE fitting results given at the wavelength of 632.8 nm for; (a) 30 W sputter power for
5 min at the gas ratio of 0.4, (b) 0.2 gas ratio at the substrate temperature of 200 °C for
5 min.

(a)

Substrate temperature
°C

Layer property Thickness (d)
nm

Refractive index
(n)

100 HfO2 17.70 1.54
Silicon-oxide 5.87 –

150 HfO2 14.83 1.68
Silicon-oxide 10.45 –

200 HfO2 16.13 1.83
Silicon-oxide 11.55 –

(b)

Sputter power
Watt

Layer property Thickness (d)
nm

Refractive index
(n)

20 HfO2 16.62 1.70
Silicon-oxide 3.57 –

25 HfO2 11.82 1.72
Silicon-oxide 12.96 –

30 HfO2 15.59 1.85
Silicon-oxide 12.66 –
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Fig. 7. Sputter power effect on the refractive index of DC sputter grown hafnium-oxide
films.
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ratio affects the evolution of hafnium-oxide film in a negative
manner, i.e. resulting in a porous film structure as well as an uncon-
trollable interfacial layer formation. As a result, the oxidation process
is obtained as more effective at lower oxygen contents compared
to those of higher oxygen contents. The future task would be to obtain
the characteristics of grown HfO2 film for O2/Ar gas ratio of lower
than 0.2.
4.4.3. Sputter power effect
Fig. 7 shows the sputter power effect on the refractive index values

of sputter grown films in the wavelength range from 300 to 850 nm.
These films were grown under the conditions of 200 °C, 0.2, 5 min,
respectively, for substrate temperature, oxygen to argon gas ratio and
sputtering time. Refractive index and thickness values of layers at the
wavelength of 632.8 nm, respectively, for 20, 25, and 30 W DC sputter
powers are given in Table 1(b). It is obvious that the refractive index
values of hafnium-oxide films grown under the sputter powers of 20
and 25 W are too much lower than that of bulk value of HfO2.
However, having been a value of 1.85, the refractive index for 30 W is
very close to that of bulk HfO2. It can be concluded that DC sputter
power of 30 W is a threshold to produce hafnium oxide films whose
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Fig. 6. Oxygen to argon gas ratio effect on refractive index of DC sputter grown
hafnium-oxide films.
density is being close to that of bulk HfO2. Moreover, DC sputtering
power values should be around 30 W and/or little more to grow dense
enough hafnium-oxide films.

5. Conclusion

HfO2/SiO2/p-Si (100) stacks were studied in terms of structural
and optical analyses by means of FTIR, XRD, XPS depth profiling and
Spectroscopic Ellipsometry. FTIR for structural and bonding analyses
as well as XRD for crystalline structural analyses were studied for Hf
oxide films grown at 100, 150, and 200 °C with O2/Ar gas ratio of 0.4
for 5 min at 30 W of DC sputtering power. FTIR analyzing technique
confirms that the films grown at 200 °C have better results in terms
of having definite Hf–O structural bondings, however, the films grown
at lower substrate temperatures do not have the explicit peaks
decisive to HfO2 films. XRD results of the same property films with
FTIR analyzing technique show that the films have amorphous struc-
ture grown at the substrate temperature of 100 °C, while the poly-
crystalline structure starts to be seen around 150 °C and it increases
little more for films grown at the substrate temperature of 200 °C.

The FTIR, XRD and SE results with respect to substrate tempera-
tures show us that when the substrate temperature gets lowered,
then the grown HfO2 film is mainly amorphous. Its intensity increases
very tiny for 150 °C, while it is recognizable enough at 200 °C.
Additionally, the main FTIR peaks reflecting Hf–O bonds are
recognized well when the substrate temperature increases, however,
the crystallization is detected at the same time. From SE measure-
ments, a highly positive effect of substrate temperature increments
on refractive index increments of grown film is detected. However,
refractive index is getting extremely low, i.e. 1.54 at 632.8 nm, for
100 °C substrate temperature case. Even though the refractive index
is increased for the choice of 200 °C substrate temperature, the
crystalline structure for grown HfO2 film is detected from not only
XRD but also SE measurements. Since the crystalline structure for
high-κ films is not a desired property, the substrate temperature
was restricted to be at 200 °C. However, for a future task, the substrate
temperature higher than 200 °C can be studied in order to obtain
the optical as well as structural properties of grown film.

XPS depth profiling spectra were studied for the Hf oxide film
grown at 200 °C with O2/Ar gas ratio of 0.4 for 5 min at 30 W of DC
sputtering power. The results show us that there is an extremely thin
HfO2 layer on top of a respectively broad interfacial layer formed
mainly from Si suboxide and Hf-silicate. It is clearly explained by an
XPS depth profiling spectra that the formation of HfSix was eliminated
since there is no direct contact of sputtered Hf with SiO2/Si substrate.
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The results infer that there existed a very thin perfect Hf-oxide layer,
later Si–Si bonds are detected even before Si suboxide layer is reached
and then Si substrate is reached. Since Si–Si bonds weremeasured just
before Si-oxide is reached, it can be realized that highly reactive
sputtered Hf atoms consume some of the oxygen atoms from the
underlying SiO2 to form hafnium-oxide by leaving Si–Si bonds behind
[3]. Our results also confirm what Yamamoto et al. revealed with their
experiment that the oxygen radicals oxidize the Hf metal more
selectively than Si substrate [11].

Finally, we have additionally obtained the best oxidation condi-
tions for Hf-oxide films in terms of SE optical analyzing technique
overall the used physical growth parameters, i.e. substrate temper-
ature, oxygen to argon gas ratio, and DC sputtering power. The
SE optical analyzing technique results in 200 °C, 0.2, and 30 W
respectively for the substrate temperature, oxygen to argon gas ratio
and DC sputtering power as the best oxidation conditions from
the overall used parameters.
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